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In this paper, we interpret the 750 GeV diphoton excess in the Zee–Babu extension of the two-Higgs-
doublet model by introducing a top partner (T )/bottom partner (B). In the alignment limit, the 750 GeV 
resonance is identiﬁed as the heavy CP-even Higgs boson (H), which can be sizably produced via the 
QCD process pp → T T¯ or pp → B B¯ followed by the decay T → Ht or B → Hb. The diphoton decay rate 
of H is greatly enhanced by the charged singlet scalars predicted in the Zee–Babu extension and the total 
width of H can be as large as 7 GeV. Under the current LHC constraints, we scan the parameter space 
and ﬁnd that such an extension can account for the observed diphoton excess.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
Very recently, both the ATLAS data with 3.2 fb−1 and the CMS 
data with 2.6fb−1 [1] have reported an excess of the diphoton 
resonance (X) around 750 GeV. The local signiﬁcances of their 
results are 3.6σ and 2.6σ in the respective experiments. Com-
bining the 8 and 13 TeV data [2], the observed signal strength 
σX × Br(X → γ γ ) is 10.6 ±2.9 fb for the ATLAS and 4.47 ±1.86 fb
for the CMS. Since there are no excesses observed in the dijet [3], 
tt¯ [4], diboson or dilepton channels, understanding such an ex-
cess becomes a challenging task. So far, many new physics models 
have been proposed for this excess [2,5–12], among which, a sin-
glet scalar is usually introduced as the 750 GeV resonance.
Differently from the previous singlet scalar explanations, we at-
tempt to interpret the 750 GeV resonance as a heavy Higgs boson 
from a second doublet, which is mainly originating from the QCD 
top partner (T ) or bottom partner (B) pair production process fol-
lowed by the decay T → Ht or B → Hb. Obviously, such a scenario 
still needs the extra particles to enhance the 750 GeV Higgs de-
cay into diphoton. Therefore, we introduce a top partner/bottom 
partner to the Zee–Babu extension [13] of the two-Higgs-doublet 
model (ZB-2HDM), where two extra charged singlet scalars can 
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SCOAP3.enhance the decay of diphoton mode and generate the neutrino 
mass. Considering the LHC Higgs data, our study will be focused 
on an interesting limit of this model, in which one of the neutral 
Higgs mass eigenstates is almost aligned with the direction of the 
scalar ﬁeld vacuum expectation values. In this limit, the 125 GeV 
Higgs boson tends to have the gauge couplings as in the Standard 
Model (SM) and is easily consistent with the current Higgs data, 
while the heavy CP-even Higgs boson has the very small couplings 
or no couplings to the SM particles.
Compared to the direct gg → H production process, there are 
several beneﬁts for the production of H from the QCD process 
pp → T T¯ /B B¯ → HH + tt¯/bb¯. Since the production of T /B and the 
decay of H are generally unrelated, it is easy to obtain a large 
branching ratio of H → γ γ by suppressing the 750 GeV Higgs 
coupling to the top quark. Although the cascade decays have other 
objects in the diphoton events, such as the additional top or bot-
tom quark jets, the status of whether or not there are other objects 
in the event is unclear at the moment. So, currently, the cascade 
decay is still a feasible way to interpret the 750 GeV diphoton ex-
cess although not very likely.
Our work is organized as follows. In Sec. 2 we present the Zee–
Babu extension of the 2HDM with the top/bottom partner. In Sec. 3
we perform the numerical calculations and discuss the 750 GeV 
diphoton production rate and the total width of the resonance in 
the allowed parameter space. Finally, we give our conclusion in 
Sec. 4. under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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2.1. Two-Higgs-doublet model
The general Higgs potential is written as [14]
V = μ21(†11) + μ22(†22) +
[
μ23(
†
12 + h.c.)
]
+ λ1(†11)2 + λ2(†22)2 + λ3(†11)(†22)
+ λ4(†12)(†21)
+
[
λ5(
†
12)
2 + h.c.
]
+
[
λ6(
†
11)(
†
12) + h.c.
]
+
[
λ7(
†
22)(
†
12) + h.c.
]
. (1)
Here we focus on the CP-conserving case where all λi and m212 are 
real. In the Higgs basis, the two complex scalar doublets with the 
hypercharge Y = 1 can be written as
1 =
(
G+
1√
2
(v + ρ1 + iG0)
)
, 2 =
(
H+
1√
2
(ρ2 + i A)
)
. (2)
The 1 ﬁeld has the vacuum expectation value (VEV) v = 246 GeV, 
and the VEV of 2 ﬁeld is zero. The G0 and G+ are the Nambu–
Goldstone bosons which are eaten by the gauge bosons. The H+
and A are the mass eigenstates of the charged Higgs boson and 
CP-odd Higgs boson, and their masses are given by
m2A =m2H± + v2(
1
2
λ4 − λ5). (3)
The physical CP-even Higgs bosons h and H are the linear com-
bination of ρ1 and ρ2,(
ρ1
ρ2
)
=
(
sin θ cos θ
cos θ − sin θ
) (
h
H
)
. (4)
To satisfy the 125 GeV Higgs data, we focus on the so-called align-
ment limit [15], which corresponds to λ6 = 0 and cos θ = 0. In this 
limit, the two CP-even Higgs masses are given as
m2h = 2λ1v2, m2H =m2H± + v2(
1
2
λ4 + λ5). (5)
The general Yukawa interactions without the tree-level FCNC 
can be given by [16]
−L= yu Q L (˜1 + κu˜2)uR + yd Q L (1 + κd 2)dR
+ yl LL (1 + κ	 2) eR + h.c., (6)
where Q TL = (uL, dL), LTL = (νL, lL), and ˜1,2 = iτ2∗1,2. yu , yd and 
y	 are 3 × 3 matrices in family space, and κu , κd and κ	 are the 
coupling constants. The couplings of neutral Higgs bosons normal-
ized to the SM Higgs boson are give by
yhV = sin θ, yhf = sin θ + cos θκ f ,
yHV = cos θ, yHf = cos θ − sin θκ f ,
yAV = 0, yAu = −iγ 5κu, yAd,	 = iγ 5κd,	, (7)
where V denotes Z and W , and f denotes u, d and 	.2.2. Zee–Babu extension
In order to enhance the branching ratio of the 750 GeV Higgs 
boson decay to diphoton, we can suppress the total width by 
taking a small heavy CP-even Higgs coupling to the top quark. 
However, for this case the charged Higgs of 2HDM (H±) cannot
enhance the branching ratio of diphoton sizably. The perturbativity 
will give the upper bound of the heavy CP-even Higgs coupling to 
the charged Higgs. A light H± can enhance the width of H → γ γ , 
but the decay H → H±W∓ will be open and enhance the to-
tal width more sizably. Therefore, some additional particles are 
needed to enhance the 750 GeV Higgs decay into diphoton, such 
as the vector-like fermions or the charged scalars. Since the am-
plitude of H → γ γ is proportional to the square of electric charge 
of the particle in the loop, the multi-charged particle can enhance 
H → γ γ sizably.
Here we take the approach of Zee–Babu model to introduce two 
SU (2)L singlet scalar ﬁelds π+ and χ++ with hypercharge 1 and 2 
[13], respectively. In addition to enhancing the decay rate of H →
γ γ sizably, this model can naturally give rise to the small neutrino 
Majorana mass.
The potential of the two singlet scalars can be written as
V =m2ππ+π− +m2χχ++χ−− + k1†11π+π−
+ k′1†11χ++χ−− + k2†22π+π− + k′2†22χ++χ−−
+ k3(†12 + †21)π+π− + k4(†12 + †21)χ++χ−−
+ k5(π+π−)2 + k6(χ++χ−−)2 + (μπ−π−χ++ + h.c.).
(8)
The gauge invariance precludes the singlet Higgs ﬁelds from cou-
pling to the quarks. The Yukawa coupling of singlets to leptons 
arel1
L= fab ¯LCLaLLbπ+ + gab ¯ECRaERbχ++ + h.c.. (9)
The trilinear μ term in Eq. (8) breaks the lepton number and 
gives rise to the neutrino Majorana mass contributions at the two-
loop level. The detailed introductions on the neutrino mass can be 
found in [13]. Here we focus on the charged Higgs couplings to the 
heavy CP-even Higgs. Since the k1 and k′1 terms of Eq. (8) that con-
tain the 125 GeV Higgs couplings to charged Higgs are proportional 
to sin θ , we assume k1 and k′1 to be very small and ignore them in 
our calculations. Then, after the 1 acquires the VEV, the masses 
of π+ and χ++ are mπ and mχ , and the CP-even Higgs couplings 
to the charged Higgses are determined by k3 and k4 terms,
hπ+π− : −k3 cos θ v, hχ++χ−− : −k4 cos θ v,
Hπ+π− : k3 sin θ v, Hχ++χ−− : k4 sin θ v. (10)
For cos θ = 0, the couplings of hπ+π− and hχ++χ−− are zero. 
Considering the constraints of perturbativity and stability of the 
potential, we simply take 0  k3 = k4  4π , and ﬁx mπ = mχ =
375 GeV, which will give the maximal value of the form factor of 
scalar loop in the H → γ γ decay.
2.3. Top/bottom partners
Next, we introduce the top partner to interact with 2 in the 
2HDM. The Yukawa interaction is given as
−L= yT Q¯ tL ˜2TR +mT T¯ L T R +m′T T¯ LtR + h.c., (11)
where Q TtL = (tL bL)T and tR are the left-handed SU (2) doublet of 
third generation and the right-handed SU (2) singlet of top quark, 
respectively, while TR and TL are two SU (2) singlet top partners.
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t¯L T¯ L
) ( mt 0
m′T mT
)(
tR
T R
)
. (12)
In this paper, we assume m′T to be very small so that there is 
no mixing between t and T . If the 1 has the interactions with 
QtL and TR , the mixing of t and T will appear. Here we do not 
consider this case. Due to the absence of the mixing of t and T , 
the top partner mass is mT . Using the Eq. (2), the Eq. (11) gives 
the Yukawa interactions,
yT√
2
ρ2t¯L T R − i yT√
2
At¯L T R − yT H−b¯L T R + h.c.. (13)
Using the Eq. (4), the Eq. (13) gives the top partner couplings to 
the Higgs bosons,
Ht¯L T R = HT¯ RtL : yT√
2
sin θ
ht¯L T R = hT¯ RtL : − yT√
2
cos θ
At¯L T R = −AT¯ RtL : i yT√
2
H−b¯L T R = H+ T¯ RtL : yT . (14)
Due to the absence of the mixing of t and T , there are not the 
diagonal couplings of HT¯ T and hT¯ T . For cos θ = 0, the T → th
channel will be open, and some simulations on the channel at the 
LHC have been studied in [17]. In this paper we will take cos θ = 0
for which the coupling of ht¯T is absent.
For the singlet TL and TR , the general neutral and charged cur-
rent interactions are [18]
LNC = g
cW
Zμt¯
[
(
1
2
− 2
3
s2W + δgtL)PL + (−
2
3
s2W )P R
]
t
+ g
cW
Zμ T¯
[
(
1
2
− 2
3
s2W + δgTL )PL + (−
2
3
s2W )P R
]
T
+ g
cW
Zμ T¯
[
δgTtL P L
]
t + h.c.,
LCC = g√
2
Wμ+cθL t¯ γμPL b +
g√
2
Wμ+sθL T¯ γμPL b + h.c..
(15)
Where cθL = cos θL and sθL = sin θL with θL being the mixing angle 
of the left-handed top and the partner. δgtL = − s
2
θ L
2 , δg
T
L = − c
2
θ L
2
and δgTtL =
sθL cθL
2 . In this paper we assume that there is no mixing 
of t and T , namely sθL = 0. For this case, the Eq. (15) shows that 
the couplings of Z T¯ t and W+ T¯ b are zero, and there are no decays 
of T → Zt and T → W+b.
Similarly, we can introduce the bottom partner and the Yukawa 
interaction is given as
−L= yB Q¯ tL 2BR +mB B¯L BR +m′B B¯ LbR + h.c., (16)
where BR and BL are two SU (2) singlet bottom partners. When 
m′B approaches to zero, there is no mixing between b and B . From 
the Eq. (16), we can obtain the bottom partner couplings to Hig-
gses,
Hb¯L BR = H B¯RbL : yB√
2
sin θ
hb¯L BR = hB¯RbL : − yB√
2
cos θ
Ab¯L BR = −AB¯RbL : − i yB√
2
H+t¯L BR = H− B¯ RtL : −yB . (17)Table 1
The speciﬁed values of κu , κd and κ	 for the four traditional types of 2HDMs.
Type I Type II Lepton-speciﬁc Flipped
κu 1/ tanβ 1/ tanβ 1/ tanβ 1/ tanβ
κd 1/ tanβ − tanβ 1/ tanβ − tanβ
κ	 1/ tanβ − tanβ − tanβ 1/ tanβ
Similar to the top partner, there are no couplings of hb¯B , hB¯B , 
H B¯B , Z B¯b and W− B¯t for cos θ = 0 and the absence of the mixing 
of b and B .
3. Numerical calculations and discussions
The 2HDM is usually described in the physical basis and Higgs 
basis. In the physical basis, the two Higgs doublet 1 and 2 have 
the non-zero VEVs, and tanβ is deﬁned as v2/v1 with v1 and v2
being the VEV of the ﬁrst and second scalar doublet. In the Higgs 
basis, the VEV of 2 is zero, therefore, the parameter tanβ is ab-
sent. The coupling constants of Higgs potential in the Higgs basis 
as shown in the Eq. (1), can be expressed using the coupling con-
stants and tanβ in the physical basis [19].
In the Higgs basis, the Yukawa interactions of fermions are pa-
rameterized by the κu , κd and κ	 as shown in Eq. (6) and Eq. (7), 
and which can be mapped to the four traditional types of 2HDMs 
via the κu , κd and κ	 speciﬁed in Table 1.
However, here we take sin θ = 1, κd = κ	 = 0. For this choice, 
the Eq. (7) shows that the 750 GeV Higgs (H) couplings to the 
down-type quark and lepton are zero, and the coupling to gauge 
boson is zero, which can naturally satisfy the bounds from the 
measurements of the diboson, dijet and dilepton. The 125 GeV 
Higgs (h) couplings to up-type quark, down-type quark, lepton 
and gauge boson are the same as the SM Higgs, and the cou-
plings to the new charged Higgs, T and B quark equal to zero for 
sin θ = 1. The H coupling to the up-type quark is proportional to 
κu , which can control the width of H → t¯t and is taken as a free 
input parameter. However, the experimental data of the 750 GeV 
Higgs diphoton rate will give the upper bound of the width of the 
750 GeV Higgs.
3.1. T and B decay
As discussed above, the partners T and B have no couplings 
to the gauge bosons and the 125 GeV Higgs in the parameter 
space taken in this paper. Therefore, T and B can be hardly con-
strained by the current experimental data of the exotic quark from 
the ATLAS [20] and CMS [21] searches. The main decay modes are 
T → tH , T → t A and T → bH+ for the T quark, as well as B →
bH , B → bA and B → tH− for the B quark. For mH = 750 GeV, 
the oblique parameters favor mH± and mA to have the degenerate 
mass, especially for that their mass have sizable deviation from 
750 GeV.
We take mB = 770 GeV and mT = 940 GeV, and plot their 
branching ratios versus mA in Fig. 1. Since the widths of T → tH , 
T → t A and T → bH+ are proportional to y2T , their branching 
ratios are independent on yT , which also holds for the B quark 
and yB . Both Br(B → bH) and Br(T → tH) are very small for 
mA and mH± are much smaller than mH , and increase with mA
and mH± . For mB = 770 GeV and mH = mA = mH± = 750 GeV, 
B → tH− is kinematically forbidden, and Br(B → bH) and Br(B →
bA) have the same value and equal to 50% nearly. For mT =
940 GeV and mH = mA = mH± = 750 GeV, T → bH+ dominates 
over T → tH and T → t A since the former has an enhanced factor 
of 2 from the coupling, and T → tH and T → t A are suppressed 
by a large phase space. Only for mH± and mA are very closed 
312 X.-F. Han et al. / Physics Letters B 756 (2016) 309–316Fig. 1. The branching ratios of T and B versus mA with mH± =mA and mH = 750 GeV.
Fig. 2. The samples allowed by the theoretical constraints from the vacuum stability, unitarity and perturbativity for mA =mH± , mH = 750 GeV and cos θ = 0.to mT and mB , T → tH and B → bH are the dominant decay 
modes.
3.2. The production rate of 750 GeV diphoton resonance
In order to obtain the maximal production rate, we assume 
mA = mH± to be larger than mB and mT , which leads Br(B →
bH) = Br(T → tH) = 1. Also H → AZ , H → H±W∓ , H → AA
and H → H+H− are kinematically forbidden for this case. For 
mA = mH± , λ4 and λ5 are determined by mH and mH± from the 
Eq. (3) and Eq. (5),
λ4
2
= λ5 =
m2H −m2H±
2v2
. (18)
For mH± >mH , λ4 and λ5 are negative, which will be constrained 
by the vacuum stability to some extent. As discussed in the Sec-
tion 2, cos θ = 0 determines λ6 = 0 and λ1 = m
2
h
2v2
, and λ2, λ3 and 
λ7 are the free parameters, which can be tuned to satisfy theo-
retical constraints from the vacuum stability, unitarity and pertur-
bativity. Refs. [22–25] give the corresponding well-known classi-
cal formulas for the constrains on the coupling constants of the physical basis. We employ 2HDMC [26] to perform the theoreti-
cal constraints on the coupling constants in the physical basis, and 
then use the formulas of Eqs. (A16)–(A22) in the Ref. [19] to trans-
form the results into the constraints on λ2, λ3 and λ7 in the Higgs 
basis, namely expressing λ2, λ3 and λ7 with the allowed param-
eters of the physical basis. In the Fig. 2, we project the samples 
allowed by the theoretical constraints on the planes of λ2 versus 
mA , λ3 versus mA and λ7 versus mA for mA =mH± , mH = 750 GeV
and cos θ = 0. Fig. 2 shows that λ2 is required to be larger than 0. 
With the increasing of mA and mH± , the absolute values of λ4 and 
λ5 become large (λ4 and λ5 are negative), which favors the large 
λ3 and the λ7 with a small absolute value.
The widths of H → WW , Z Z , hh, bb¯, τ τ¯ at the tree-level 
are zero for cos θ = 0 and κd = κ	 = 0. Therefore, H → tt¯ is the 
dominant decay mode for a large ku . Also the one-loop decays 
H → gg , H → γ γ , H → Zγ and H → Z Z are considered, and 
the last three modes can be sizably enhanced by the new charged 
scalars at the one-loop. Since the π+ and χ++ are SU (2)L sin-
glets, for the charged scalars give the dominant contributions to 
H → γ γ , there is an approximate relation,
(H → γ γ ) : (H → Zγ ) : (H → Z Z) = 1 : 0.6 : 0.09. (19)
X.-F. Han et al. / Physics Letters B 756 (2016) 309–316 313Fig. 3. The diphoton production rate of the 750 GeV Higgs versus ku for mB = 770 GeV and mT = 940 GeV. The 750 GeV Higgs coupling to the new charged Higgs (k4) is 
ﬁxed as 4π , and mπ =mχ = 375 GeV.We deﬁne the production rate of the 750 GeV diphoton,
Rγ γ ≡ σ(gg → B B¯ (T T¯ )) × Br(B B¯ (T T¯ ) → HHbb¯ (tt¯))
× Br(HH → γ γ + X)
+ σ(gg → H) × Br(H → γ γ )
= σ(gg → B B¯ (T T¯ )) × Br(HH → γ γ + X)
+ σ(gg → H) × Br(H → γ γ ). (20)
At the LHC, the cross sections of gg → B B¯ (T T¯ ) with mB =
770 GeV (mT = 940 GeV) are approximate 240 (65) fb for √s =
13 TeV and 28 (5.5) fb for 
√
s = 8 TeV [27].
In our calculations, we consider the relevant collider bounds 
from LHC searches at 
√
s = 8 TeV [28–31]:
σtt¯ < 550 fb, σγ γ < 2 fb,
σZγ < 4 fb, σZ Z < 12 fb. (21)
Taking k4 = 4π , mπ =mχ = 375 GeV, mT = 940 GeV and mB =
770 GeV, we project the surviving samples on the plane of Rγ γ
versus κu in Fig. 3. Since the heavy CP-even Higgs coupling to 
top quark is proportional to κu , the production rate from gg → H
increases with κu . Since the cross section of gg → B B¯ (T T¯ ) is 
independent on κu , and the total width of 750 GeV Higgs in-
creases with κu , the production rate from gg → B B¯ (T T¯ ) decreases 
with increasing of κu . The production rate from latter dominates 
over the former for the small κu , and equals to the former for 
κu = 0.8 (0.42). Rγ γ > 1 fb favors κu to be smaller than 0.9 for 
mB = 770 GeV and 0.45 for mT = 940 GeV. Compared to the bot-
tom partner, the top partner mass is required to be larger than 
930 GeV to open the decay T → tH . The cross section of gg → T T¯
with mT = 940 GeV is 65 fb at the LHC with √s = 13 TeV, which 
is much smaller than that of gg → B B¯ with mB = 770 GeV, 240 fb. 
Therefore, the constraints on mT = 940 GeV are more strong than 
those on mB = 770 GeV.
For a very small top Yukawa coupling, the total width of 
750 GeV Higgs is very narrow, which leads a large Br(H → γ γ ). 
Therefore, the very small κu is mainly excluded by the experimen-
tal data of the diphoton rate at the 
√
s = 8 TeV, and the lower 
bound of κu is 0.14 for mB = 770 GeV and 0.05 for mT = 940 GeV.In Fig. 4, we project the surviving samples on the planes of κ4
versus κu , H versus κ4 and H versus κu . The large Rγ γ favors 
a small κu and a large k4, and the former can suppress the total 
width of the 750 GeV Higgs, and the latter can enhance the decay 
H → γ γ via the charged Higgs couplings to the 750 GeV Higgs. 
Rγ γ > 2 fb favors κu < 0.46 and k4 > 0.05 for mB = 770 GeV, 
and κu < 0.24 and k4 > 1.0 for mT = 940 GeV. For mB = 770 GeV, 
the total width can reach 7 GeV for Rγ γ = 2 fb, and be larger than 
2 GeV for Rγ γ < 6 fb. For mT = 940 GeV, the total width can reach 
2 GeV for Rγ γ = 2 fb, and be larger than 0.8 GeV for Rγ γ < 4 fb.
With the increasing of the mass of bottom partner and top 
partner, the cross section of gg → B B¯ (T T¯ ) will decrease rapidly 
and be around 2 fb for mB =mT = 1500 GeV. For the enough small 
top quark Yakawa coupling of the 750 GeV Higgs, the 750 GeV 
Higgs will mainly decay into γ γ , Zγ and Z Z , and Br(H → γ γ )
is around 60%. Therefore, the diphoton production rate of the 
750 GeV Higgs will reach 1.2 fb for mB =mT = 1500 GeV. For mB
and mT are smaller than 1500 GeV, the more large production rate 
can be obtained. However, the total width of the 750 GeV Higgs is 
required to be very narrow to enhance the production rate. There-
fore, the precise measurement of width at the LHC can be as a 
sensitive probe of the bottom partner and top partner.
For the 750 GeV resonance, the CMS slightly prefers a narrow 
width, and the ATLAS favors a width of 45 GeV. Such large width 
can be obtained by the enhancement of κu and κd which can en-
hance the widths of H → t¯t, b¯b. However, with the increasing 
of the total width, the branching ratio of the diphoton mode de-
creases, which will suppress the diphoton production rate. For the 
model with one singlet bottom partner (mB = 770 GeV), the total 
width of the 750 GeV Higgs is required to be smaller than 7 GeV 
in order to obtain Rγ γ > 2 fb. Some additional charged particles 
need be introduced to enhance the width of H → γ γ in order to 
obtain Rγ γ > 2 fb and H 	 45 GeV.
In this paper, we discussed the two different scenarios of the 
singlet top partner and the singlet bottom partner. Besides, one 
can attempt to introduce the doublet ﬁelds,
 ′L =
(
TL
BL
)
,  ′R =
(
TR
BR
)
. (22)
The Yukawa interactions can be given as
314 X.-F. Han et al. / Physics Letters B 756 (2016) 309–316Fig. 4. The surviving samples projected on the planes of κ4 versus κu , H versus κ4 and H versus κu for mB = 770 GeV and mT = 940 GeV, with 1 fb < Rγ γ < 2 fb for 
the circles (green), 2 fb < Rγ γ < 4 fb for the pluses (red), 4 fb < Rγ γ < 6 fb for the bullets (black) and 6 fb< Rγ γ < 10 fb for the triangles (blue). (For interpretation of the 
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)−L= yT ¯ ′L ˜2tR + yB ¯ ′L 2bR +m¯ ′L ′R +m′ Q¯ tL ′R + h.c..
(23)
In order to avoid the experimental constraints of the ATLAS and 
CMS searches for the T → Wb, T → t Z , T → th, B → Wt , B → bZ
and B → bh, one can assume that there are no mixings of t and T
as well as b and B , namely m′ = 0. For this case, the T and B have 
the degenerate mass,
mT =mB =m, (24)
and the charged current of T and B still appears since they are the 
doublets of SU (2)L ,
LCC = g√
2
Wμ+ T¯ γμ B + h.c.. (25)
In order to obtain the large cross sections of pp → B¯ B/T¯ T , one 
should take the small masses of B and T . For mT =mB = 770 GeV, 
the 750 GeV diphoton production rate from pp → B¯ B → HHb¯b
process is the same as the model with the singlet BL and BR . 
Also the 750 GeV diphoton resonance can be originating from 
the pp → T¯ T followed by the off-shell decays T → t∗H and T →
W ∗B∗(→ Hb). Since T will partly decay into the other objects, in-
cluding the off-shell 750 GeV Higgs, the 750 GeV diphoton rate 
from the pp → T¯ T is smaller than that of the pp → B¯ B . This model predicts the existence of the top partner and bottom part-
ner simultaneously, and the particle spectrum is more complicated 
than the model with one top partner and the model with one bot-
tom partner which are studied in this paper.
4. Conclusion
To accommodate the 750 GeV diphoton excess, we proposed 
an extension of 2HDM with the top and bottom partners. In ad-
dition, we took the approach of Zee–Babu model to introduce 
two scalar singlets (one is singly charged, and the other is dou-
bly charged), which can naturally give a small neutrino Majorana 
mass and enhance the 750 GeV Higgs decay into diphoton. In this 
model, the production rate Rγ γ of the 750 GeV diphoton is from 
both gg → B B¯ (T T¯ ) and gg → H , and the former dominates over 
the latter for a small top quark coupling with the 750 GeV Higgs, 
and is comparable to the latter for a large top Yukawa coupling.
For mB = 770 GeV, Rγ γ > 2 fb favors κu < 0.46 and k4 > 0.05, 
and the total width of the 750 GeV Higgs can reach 7 GeV for 
Rγ γ = 2 fb. For mT = 940 GeV, Rγ γ > 2 fb favors κu < 0.24 and 
k4 > 1.0, and the total width can reach 2 GeV for Rγ γ = 2 fb. To 
obtain enough large production rate of the 750 GeV diphoton, the 
total width tends to decrease with the increasing of the bottom 
partner and top partner masses. Therefore, the precise measure-
ment of the width of the resonance at the LHC can be as a sensi-
tive probe of these bottom partner and top partner.
X.-F. Han et al. / Physics Letters B 756 (2016) 309–316 315Acknowledgements
This work has been supported in part by the National Nat-
ural Science Foundation of China under grant Nos. 11575152, 
11305049, 11275057, 11405047, 11275245, 10821504 and
11135003, by Specialized Research Fund for the Doctoral Program 
of Higher Education under Grant No. 20134104120002, and by the 
Spanish Government and ERDF funds from the EU Commission 
[Grants Nos. FPA2014-53631-C2-1-P, SEV-2014-0398, FPA2011-
23778], and by the Australian Research Council, by the CAS Center 
for Excellence in Particle Physics (CCEPP).
References
[1] ATLAS and CMS Collaborations – Dec. 15th talks by Jim Olsen and Marumi 
Kado, ATLAS and CMS physics results from Run 2, https://indico.cern.ch/event/
442432/.
[2] S.D. Chiara, L. Marzola, M. Raidal, arXiv:1512.04939.
[3] V. Khachatryan, et al., CMS Collaboration, arXiv:1512.01224.
[4] V. Khachatryan, et al., CMS Collaboration, arXiv:1506.03062.
[5] K. Harigaya, Y. Nomura, arXiv:1512.04850;
Y. Mambrini, G. Arcadi, A. Djouadi, arXiv:1512.04913;
M. Backovic, A. Mariotti, D. Redigolo, arXiv:1512.04917;
A. Angelescu, A. Djouadi, G. Moreau, arXiv:1512.04921;
Y. Nakai, R. Sato, K. Tobioka, arXiv:1512.04924;
S. Knapen, T. Melia, M. Papucci, K. Zurek, arXiv:1512.04928;
D. Buttazzo, A. Greljo, D. Marzocca, arXiv:1512.04929;
A. Pilaftsis, arXiv:1512.04931;
R. Franceschini, et al., arXiv:1512.04933;
S.D. McDermott, P. Meade, H. Ramani, arXiv:1512.05326;
R. Benbrik, C.-H. Chen, T. Nomura, arXiv:1512.06028;
J. Ellis, S.A.R. Ellis, J. Quevillon, V. Sanz, T. You, arXiv:1512.05327;
M. Low, A. Tesi, L.-T. Wang, arXiv:1512.05328;
B. Bellazzini, R. Franceschini, F. Sala, J. Serra, arXiv:1512.05330;
R.S. Gupta, S. Jager, Y. Kats, G. Perez, E. Stamou, arXiv:1512.05332;
C. Peterson, R. Torre, arXiv:1512.05333;
E. Molinaro, F. Sannino, N. Vignaroli, arXiv:1512.05334.
[6] B. Dutta, Y. Gao, T. Ghosh, I. Gogoladze, T. Li, arXiv:1512.05439;
Q.-H. Cao, Y. Liu, Ke-Pan Xie, B. Yan, D.-M. Zhang, arXiv:1512.05542;
S. Matsuzaki, K. Ya mawaki, arXiv:1512.05564;
A. Kobakhidze, F. Wang, L. Wu, J.M. Yang, M. Zhang, arXiv:1512.05585;
R. Martinez, F. Ochoa, C.F. Sierra, arXiv:1512.05617;
P. Cox, A.D. Medina, T.S. Ray, A. Spray, arXiv:1512.05618;
D. Becirevic, E. Bertuzzo, O. Sumensari, R.Z. Funchal, arXiv:1512.05623;
J.M. No, V. Sanz, J. Setford, arXiv:1512.05700;
S.V. Demidoz, D.S. Gorunov, arXiv:1512.05723;
W. Chao, R. Huo, J.-H. Yu, arXiv:1512.05738;
S. Fichet, G.V. Gersdorff, C. Royon, arXiv:1512.05751;
D. Curtin, C.B. Verhaaren, arXiv:1512.05753;
L. Bian, N. Chen, D. Liu, J. Shu, arXiv:1512.05759;
J. Chakrabortty, A. Choudhury, P. Ghosh, S. Mondal, T. Srivastava, arXiv:1512.
05767;
A. Ahmed, B.M. Dillon, B. Grzadkowski, J.F. Gunion, Y. Jiang, arXiv:1512.05771;
C. Csaki, J. Hubisz, J. Terning, arXiv:1512.05776;
A. Falkowski, O. Slone, T. Volaksky, arXiv:1512.05777;
D. Aloni, K. Blum, A. Dery, A. Efrati, Y. Nir, arXiv:1512.05778;
Y. Bai, J. Berger, R. Lu, arXiv:1512.05779.
[7] E. Gabrielli, K. Kannike, B. Mele, M. Raidal, C. Spethmann, H. Veermae, arXiv:
1512.05961;
J.S. Kim, J. Reuter, K. Rolbiecki, R.R. de Austri, arXiv:1512.06083;
A. Alves, A.G. Dias, K. Sinha, arXiv:1512.06091;
E. Megias, Oriol Pujolas, M. Quiros, arXiv:1512.06106;
L.M. Carpenter, R. Colburn, J. Goodman, arXiv:1512.06107;
J. Bernon, C. Smith, arXiv:1512.06113;
W. Chao, arXiv:1512.06297;
M.T. Arun, P. Saha, arXiv:1512.06335;
C. Han, H.M. Lee, M. Park, V. Sanz, arXiv:1512.06376;
S. Chang, arXiv:1512.06426;
M.-X. Luo, K. Wang, T. Xu, L. Zhang, G. Zhu, arXiv:1512.06670.
[8] I. Chakraborty, A. Kundu, arXiv:1512.06508;
R. Ding, L. Huang, T. Li, B. Zhu, arXiv:1512.06560;
H. Han, S. Wang, S. Zheng, arXiv:1512.06562;
X.-F. Han, L. Wang, arXiv:1512.06587;
J. Chang, K. Cheung, C.-T. Lu, arXiv:1512.06671;
D. Bardhan, D. Bhatia, A. Chakraborty, U. Maitra, S. Raychaudhuri, T. Samui, 
arXiv:1512.06674;T.-F. Feng, X.-Q. Li, H.-B. Zhang, S.-M. Zhao, arXiv:1512.06696;
O. Antipin, M. Mojaza, F. Sannino, arXiv:1512.06708;
F. Wang, L. Wu, J.M. Yang, M. Zhang, arXiv:1512.06715;
J. Cao, C. Han, L. Shang, W. Su, J.M. Yang, Y. Zhang, arXiv:1512.06728;
F.P. Huang, C.S. Li, Z.L. Liu, Y. Wang, arXiv:1512.06732;
W. Liao, H.-Q. Zheng, arXiv:1512.06741;
J.J. Heckman, arXiv:1512.06773;
M. Dhuria, G. Goswami, arXiv:1512.06782;
X.-J. Bi, Q.-F. Xiang, P.-F. Yin, Z.-H. Yu, arXiv:1512.06787;
J.S. Kim, K. Rollbiecki, R.R. de Austri, arXiv:1512.06797;
L. Berthier, J.M. Cline, W. Shepherd, M. Trott, arXiv:1512.06799;
W.S. Cho, et al., arXiv:1512.06824;
J.M. Cline, Z. Liu, arXiv:1512.06827;
M. Bauer, M. Neubert, arXiv:1512.06828;
M. Chala, M. Duerr, F. Kahlhoefer, K. Schmidt-Hoberg, arXiv:1512.06833;
D. Barducci, et al., arXiv:1512.06842.
[9] S.M. Boucenna, S. Morisi, A. Vicente, arXiv:1512.06878;
C.W. Murphy, arXiv:1512.06976;
A.E.C. Hernandez, I. Nisandzic, arXiv:1512.07165;
U.K. Dey, S. Mohanty, G. Tomar, arXiv:1512.07212;
G.M. Pelaggi, A. Strumia, E. Vigiani, arXiv:1512.07225;
J. de Blas, J. Santiago, R. Vega-Morales, arXiv:1512.07229;
A. Belyaev, G. Cacciapaglia, H. Cai, T. Flacke, A. Parolini, H. Serodio, arXiv:
1512.07242;
P.S.B. Dev, D. Teresi, arXiv:1512.07243;
W.-C. Huang, Y.-L.S. Tsai, T.-C. Yuan, arXiv:1512.07268;
S. Moretti, K. Yagyu, arXiv:1512.07462;
K.M. Patel, P. Sharma, arXiv:1512.7468;
M. Badziak, arXiv:1512.07497;
S. Chakraborty, A. Chakraborty, S. Raychaudhuri, arXiv:1512.07527;
W. Altmannshoefer, J. Galloway, S. Gori, A.L. Kagan, A. Martin, J. Zupan, arXiv:
1512.07616;
M. Cvetic, J. Halverson, P. Langacker, arXiv:1512.07622;
J. Gu, Z. Liu, arXiv:1512.07624.
[10] Q.-H. Cao, S.-L. Chen, P.-H. Gu, arXiv:1512.07541;
P.S.B. Dev, R.N. Mohapatra, Y. Zhang, arXiv:1512.08507;
B.C. Allanach, P.S.B. Dev, S.A. Renner, K. Sakurai, arXiv:1512.07645;
H. Davoudiasl, C. Zhang, arXiv:1512.07672;
N. Craig, P. Draper, C. Kilic, S. Thomas, arXiv:1512.07733;
K. Das, S.K. Rai, arXiv:1512.07789;
K. Cheung, P. Ko, J.S. Lee, J. Park, P.-Y. Tseng, arXiv:1512.07853;
J. Liu, X.-P. Wang, W. Xue, arXiv:1512.07885;
J. Zhang, S. Zhou, arXiv:1512.07889;
J.A. Casas, J.R. Espinosa, J.M. Moreno, arXiv:1512.07895;
L.J. Hall, K. Harigaya, Y. Nomura, arXiv:1512.07904.
[11] H. Han, S. Wang, S. Zheng, S. Zheng, arXiv:1512.07992;
J.-C. Park, S.C. Park, arXiv:1512.08117;
A. Salvio, A. Mazumdar, arXiv:1512.08184;
D. Chway, R. Dermivsek, T.H. Jung, H.D. Kim, arXiv:1512.08221;
G. Lo, Y.-N. Mao, Y.-L. Tang, C. Zhang, Y. Zhou, S.-H. Zhu, arXiv:1512.08255;
M. Son, A. Urbano, arXiv:1512.08307;
Y.-L. Tang, S.-H. Zhu, arXiv:1512.08323;
H. An, C. Cheung, Y. Zhang, arXiv:1512.08378;
J. Cao, F. Wang, Y. Zhang, arXiv:1512.08392;
F. Wang, W. Wang, L. Wu, J.M. Yang, M. Zhang, arXiv:1512.08434;
C. Cai, Z.-H. Yu, H.-H. Zhang, arXiv:1512.08440;
Q.-H. Cao, Y. Liu, K.-P. Xie, B. Yan, D.-M. Zhang, arXiv:1512.08441;
J.E. Kim, arXiv:1512.08467;
J. Gao, H. Zhang, H.X. Zhu, arXiv:1512.08478;
W. Chao, arXiv:1512.08484;
X.-J. Bi, R. Ding, Y. Fan, L. Huang, C. Li, T. Li, S. Raza, X.-C. Wang, B. Zhu, arXiv:
1512.08497;
F. Goertz, J.F. Kamenik, A. Katz, M. Nardecchia, arXiv:1512.08500;
L.A. Anchordoqui, I. Antoniadis, H. Goldberg, X. Huang, arXiv:1512.08502;
N. Bizot, S. Davidson, M. Frigerio, J.-L. Kneur, arXiv:1512.08508.
[12] L.E. Ibanez, V.M. Lozano, arXiv:1512.08777;
E. Ma, arXiv:1512.09159;
L. Marzola, A. Racioppi, M. Raidal, F.R. Urban, H. Veermae, arXiv:1512.09136;
Y. Jiang, Y.-Y. Li, T. Liu, arXiv:1512.09127;
A.E.C. Hernandez, arXiv:1512.09092;
S. Kanemura, N. Machida, S. Odori, T. Shindou, arXiv:1512.09053;
S. Kanemura, K. Nishiwaki, H. Okada, Y. Orikasa, S.C. Park, R. Watanabe, arXiv:
1512.09048;
X.-J. Huang, W.-H. Zhang, Y.-F. Zhou, arXiv:1512.08992;
Y. Hamada, T. Noumi, S. Sun, G. Shiu, arXiv:1512.08984;
S.K. Kang, J. Song, arXiv:1512.08963;
C.-W. Chiang, M. Ibe, T.T. Yanagida, arXiv:1512.08895;
A. Dasgupta, M. Mitra, D. Borah, arXiv:1512.09202;
I. Low, J. Lykken, arXiv:1512.09089;
316 X.-F. Han et al. / Physics Letters B 756 (2016) 309–316K. Ghorbani, H. Ghorbani, arXiv:1601.00602;
T. Modak, S. Sadhukhan, R. Srivastava, arXiv:1601.00836;
Y.-J. Zhang, B.-B. Zhou, J.-J. Sun, arXiv:1602.05539.
[13] K.S. Babu, Phys. Lett. B 203 (1988) 132.
[14] R.A. Battye, G.D. Brawn, A. Pilaftsis, J. High Energy Phys. 1108 (2011) 020.
[15] J. Bernon, J.F. Gunion, H.E. Haber, Y. Jiang, S. Kraml, Phys. Rev. D 92 (2015) 
075004;
P.S. Bhupal Dev, A. Pilaftsis, J. High Energy Phys. 12 (2014) 024.
[16] A. Pich, P. Tuzon, Phys. Rev. D 80 (2009) 091702;
W. Altmannshofer, S. Gori, G.D. Kribs, Phys. Rev. D 86 (2012) 115009.
[17] A. Azatov, O. Bondu, A. Falkowski, M. Felcini, S. Gascon-Shotkin, D.K. Ghosh, 
G. Moreau, A.Y. Rodriguez-Marrero, S. Sekmen, Phys. Rev. D 85 (2012) 115022;
N. Liu, L. Wu, B. Yang, M. Zhang, arXiv:1508.07116.
[18] S. Dawson, E. Furlan, Phys. Rev. D 86 (2012) 015021.
[19] S. Davidson, H.E. Haber, Phys. Rev. D 72 (2005) 035004;
S. Davidson, H.E. Haber, Phys. Rev. D 72 (2005) 099902.
[20] ATLAS collaboration, J. High Energy Phys. 08 (2015) 105.[21] CMS Collaboration, Phys. Lett. B 729 (2014) 149.
[22] N.G. Deshpande, E. Ma, Phys. Rev. D 18 (1978) 2574;
M. Sher, Phys. Rep. 179 (1989) 273–418.
[23] A.W. El Kaffas, W. Khater, O.M. Ogreid, P. Osland, Nucl. Phys. B 775 (2007) 
45–77.
[24] H. Huffel, G. Pocsik, Z. Phys. C 8 (1981) 13;
J. Maalampi, J. Sirkka, I. Vilja, Phys. Lett. B 265 (1991) 371–376;
S. Kanemura, T. Kubota, E. Takasugi, Phys. Lett. B 313 (1993) 155–160;
A.G. Akeroyd, A. Arhrib, E.-M. Naimi, Phys. Lett. B 490 (2000) 119–124.
[25] I.F. Ginzburg, I.P. Ivanov, Phys. Rev. D 72 (2005) 115010.
[26] D. Eriksson, J. Rathsman, O. Stål, Comput. Phys. Commun. 181 (2010) 189–205;
D. Eriksson, J. Rathsman, O. Stål, Comput. Phys. Commun. 181 (2010) 833–834.
[27] K. Hattori, D. Erkal, J.L. Sanders, arXiv:1512.04536.
[28] CMS Collaboration, Phys. Rev. Lett. 111 (2013) 211804.
[29] CMS collaboration, Phys. Lett. B 750 (2015) 494.
[30] ATLAS Collaboration, Phys. Lett. B 738 (2014) 428.
[31] ATLAS Collaboration, arXiv:1507.05930.
